The N2O production during nitrification was studied in Lake Kizaki by vertical
Introduction
The abundance of nitrous oxide (N20) in the atmosphere is thought to be significantly controlled by biological processes at the earth's surface (CRUTZEN, 1981) . Many studies on the N20 distribution in a variety of aquatic environments have revealed that N20 concentrations are supersaturated with respect to the air.
In the western Atlantic Ocean and the Caribbean Sea, YOSHINARI (1976) found that the vertical distributions of N20 concentration were inversely correlated with those of dissolved oxygen concentration and that there was a linear relationship between apparent N20 production (~N20) and apparent oxygen utilization (AOU) . Similar dependences of N20 concentration upon oxygen concentration have also been obtained in other oceans (ELKINS et al., 1978 ; COHEN and GORDON, 1978) . On the basis of such relationships, these authors have suggested that N20 is produced through nitrification.
However, some uncertainties remain as to the role of nitrification in N20 formation in aquatic environments. AOU is merely a measure of the total biological oxygen utilization and oxidation of ammonium or organic amines accounts for only a minor part of the oxygen consumption (PIEROTTI and RASMUSSEN, 1980 ) .
YoH
Close relationship between ~N20 and N03 concentration has never been shown. In addition, the ratio of ON20 to AOU is reported to be higher in the Pacific Ocean than in the Atlantic
Ocean and the active regions of N20 production have been found to occur within the Pacific (ELKINS et al., 1978 ; COHEN and GORDON, 1979 ; HAHN, 1981 ; KAPLAN and WOFSY, 1985 In Lake Kizaki, a Japanese freshwater lake, it is known that nitrification takes place actively in early summer (TAKAHASHI et al., 1982 ; YosHIOKA et al.,1985) . YOH et al. (1988a) There was a considerable increase in N2O concentration throughout the hypolimnion during the interval between 27 June and 19 July, concurrent with oxygen consumption (Fig. 2 ) and N03-production ( Fig.  1 ) . Larger N20 increases were observed in the deeper layers.
In Figure 3 , the amount of apparent N20 production (~N2O) on 27 June is plotted versus June. These parameters signify the N20 production and the NH4+ consumption during active nitrification, respectively.
For details, see text.
The straight line is the leastsquare fit of data. 
3-2. Long-term in situ incubation
Results of the first incubation and the second incubation are shown in As shown in Table 1 (a) and (b), it was found that there was larger N20 productions in the second incubation compared with the first one, NO3-+NO2-production and N2O production. Table 2 shows the efficiency of nitrapyrin in inhibiting N03-+N02-and N20 productions.
It reduced the rate of N20 production by a half to two-thirds in the first incubation, but much less in the second incubation.
The increases in N20 and NO3-concentrations and the decreases in NH4+ concentration were comparable to or larger in bottles than those observed in situ. Although it is not easy to compare closely the data of this incubation with those from lake water because of some losses of these components by diffusion in lake and possible bottling effect, these results suggest that nitrification and N20 production proceeded in lake water per se and that sediment, sinking particles or inflow contributed little. This is in agreement with the previous observation in Lake Kizaki (YosmoKA et at., 1985) , in which nitrifying bacteria attached to
The efficiency (E) is calculated as ;
E= (A-B)/Ax100
where A and B are the increases in concentration in the absence and in the presence of nitrapyrin, respectively. * : "no treatment" and "shading", respectively.
rapidly sinking particles proved relatively inactive.
3-3. Time course experiment
Results of an incubation experiment done seven times in 1986 are shown in Figure 6 . The NO3-production was low in early June, reached maximum in late June and diminished by degrees through July (Fig. 6 a) . Such a change in nitrifying activity with time is almost identical to the previous result in this lake (YOSHIOKA and SAI1o, 1985) . As in the long-term incubation, NO3-production was completely prevented by addition of nitrapyrin. The additions of NH4+ to the water stimulated NO3-production several fold only after the emergence of the nitrifying activity. Afterward, this stimulation diminished with time.
The change in N20 production with time generally coincided with that in the NO3-production. The N20 production during incubation was low through June, reached maximum in early July and then decreased (Fig. 6 b) .
Addition of NH4+ enhanced N20 production several fold in late June and afterward, similar to the results for NO3-.
However, the patterns of NO3-production and N20 production were not the same. There appeared to be a delay of some days in the N20 production relative to the NO3-production. For instance, in late June, NO3-production was maximum, whereas N20 production was still at a low level. On the other hand, in mid July, though the nitrification activity fell substantially, the N20 production activity was almost maximum. Calculated from data of Figure 6 , the N20/N03-ratio was 0.3/ in the active nitrification phase (late June) ; but increased to 2.1% and 4.O° in the late phase of nitrification (early and mid July, respectively).
Although these values are apparently high compared to those from the long-term incubation, due possibly to an increased bottling effect (1.25-1 volume), the results of this experiment confirm the difference of N20 fraction during nitrification among the nitrification phases.
Nitrapyrin was again unable to completely Hatched column : with ammonium enrichment ((NH4) 2SO¢, +20 ,ug at. N1 # -1) . ND : not determined. inhibit N20 production : in general, nitrapyrin reduced it by half. In contrast, it inhibited NO3-production effectively. The nitrapyrininsensitive N20 production (closed column) became maximal in early July when the total N20 production was also active. Such inhibition efficiencies of nitrapyrin for N03-and N20
were quite similar to the results of long-term incubation experiment.
Discussion
Nitrification has been suggested to be the major source of N20 in welloxygenated zones of oceans (YosHINARl,1976 ; ELKINS et al., 1978 ; COHEN and CORDON, 1978 ; 1979) and a fresh- accumulations of N03-and N20 (Table 1 ). In addition, it was found that both productions were several-fold enhanced by NH4+ enrichments after the emergence of nitrification ( Fig.   6 ) and inhibited, at least partly, by the addition of the specific inhibitor of nitrification, nitrapyrin (Table 1 and Fig. 6 ). These relationships and experimental results clearly indicate that N2O was produced during the process of nitrification in Lake Kizaki.
The process of nitrification in Lake Kizaki can be divided into two phases : the first is the that, although N20 was produced during both phases of nitrification, the fraction of N20 was larger during the latter phase of nitrification.
The results in the long-term in situ incubation experiment (Table 1 ) and in the time course experiment (Fig. 6 ) also show accelerated N20 production after the active nitrification period. The N20 yields estimated from the vertical observation were 0.14% (Fig. 3) or 0.15% (Fig.   5 ) on 27 June, just after the active nitrification, and increased to 0.26% on 19 July (Fig. 5) et al., 1987) . Besides oxygen concentration, N20 production in oceans is proposed to be a function of temperature (ELKINS et al., 1978 ; CLINE et al., 1987) and water pressure (BUTLER et al., 1989) . However, such a vertical difference in Lake Kizaki, if this was the case, may be also explained by the same mechanism described above : because there is a considerable downward flux of nitrifying bacteria in Lake Kizaki (Y0SHI0KA et al., 1985) and NH4+ is first exhausted in the lower hypolimnion (TAKAHASHI et al., 1982 ; YosHIaKA et al., 1985) , nitrifying bacteria in the deeper layer are presumed to be older or starved longer, which could elevate N2O fraction during nitrification.
On the other hand, it was found in the present study that nitrapyrin was not very effective for N20 production despite the complete inhibition of NO3-production (Tables 1 and 2 ). This is in contrast to the observations in fertilized soil (BREMNER and BLACKMER, 1978 ; BLACKMER et al., 1980) showing that N20 evolution is greatly reduced by nitrapyrin. According to Shattuck and Alexander (1963) , nitrapyrin is the specific inhibitor for autotrophic nitrification. Thus, the incomplete inhibition of N20 production by nitrapyrin may imply that some N2O was released by alternative processes other than autotrophic nitrification. As shown in Table 3 , the NO2-concentrations in some of nitrapyrintreated bottles were rather high compared with the non treated bottles, especially after the second long -term incubation. This could favor the above view, since nitrapyrin inhibits NH4+ oxidizers more effectively than NO2-oxidizers (SHATTUCK and ALEXANDER, 1963 ; Y0SHI0KA et al.,1985) . Most studies ever made in natural environments have attributed N20
source to nitrification or denitrification. However, ROBERTSON and TIEDIE (1987) have recently presented evidence suggesting that there may be some biological sources of N20 other than denitrification or nitrification in forest soils.
In addition, GoREAU et al. (1980) have noted that large quantities of N20 was produced by the culture of Nit rosomonas sp. when contaminated by Fusarium sp., a fungus that releases N20 (BOLLAG and TUNG, 1972) . Thus, the possibility that some heterotrophs may contribute to the N20 production, especially in the late phase of nitrification, can not be excluded. 
